transport. The ATPase from beef heart mitochondria which has been purified and extensively characterized by Racker has been found to be a coupling factor at all three sites of oxidative phosphorylation (16) . It is also involved in the utilization of adenosine triphosphate (ATP) for the ATP-driven transhydrogenase reaction and for ATP-driven reversed electron transfer (17) . Similar enzymes have also been purified from rat liver mitochondria (9, 32) and from yeast mitochondria (46) . Although these enzymes catalyze the hydrolysis of ATP in vitro, their role in vivo is presumably that of energy transduction.
Several ATPases have also been described in bacterial membranes (20, 23, 30, 36, 38) . The best characterized of these is from Streptococcus faecalis (48) . Indirect evidence points to a role for this enzyme in K+ and amino acid transport (3, 22 Recently Butlin, Cox, and Gibson isolated mutants of Escherichia coli with greatly reduced levels of membrane ATPase (7). These mutants, although able to oxidize lactate, cannot couple such oxidation to phosphorylation of adenosine diphosphate (ADP). In addition, the transhydrogenase of these mutants is not stimulated by ATP (13) as it is in the parent strain. Kanner and Gutnick obtained similar results with a mutant isolated in their laboratory (26, 27) .
Experiments of Pavaslova and Harold (42) indicated that the E. coli ATPase might function in active transport of galactosides. They reported that in cells grown anaerobically, thiomethylgalactoside accumulation was blocked by uncouplers of oxidative phosphorylation, although ATP was present at normal levels and could be used for other reactions. Thus, it appeared possible that in anaerobic cells, ATP from glycolysis was utilized by the membrane ATPase to provide energy for the active transport of galactosides.
Schairer and Haddock have presented genetic evidence for the involvement of this enzyme in galactoside accumulation (45) . Thiomethylgalactoside accumulation in an ATPase-less mutant was completely abolished by cyanide, whereas accumulation in the parent strain was only partially affected by cyanide, indicating that both respiratory enzymes and ATPase can be linked to active transport.
Because of the obvious advantages of working with E. coli in performing genetic studies aimed at a resolution of the energy transduction system, the properties of the ATPase complex from this particular organism are of great interest.
This paper reports on the solubilization, purification, and characterization of this ATPase. Immunological evidence is presented that this enzyme is responsible for all the ATP hydrolysis by membranes of aerobically and anaerobically grown cells and that the enzyme is involved in the utilization of ATP for the ATP-driven transhydrogenase reaction.
MATERIALS AND METHODS ATPase assay. Method A: The assay system contained 40 mM tris(hydroxymethyl)aminomethane (Tris) sulfate (pH 7.8), 10 mM MgSO4, and 0.4 mM ATP (containing about 105 counts/min y 32p) in 1 ml at 30 C. The reaction was stopped by the addition of 0.5 ml of 5% perchloric acid. Norit A was added (final concentration 50 mg per ml), and the suspension was shaken at 4 C for 10 min. The addition of charcoal was repeated, and the suspension was shaken for another 10 min. The charcoal was removed by centrifugation, and 1 ml of the supernatant extract was added to Patterson-Greene solution (41) for scintillation counting. A blank was prepared by adding perchloric acid before the enzyme, and a standard, to which no charcoal was added, was counted.
Method B: Instead of adding charcoal to adsorb unreacted ATP, the 32P, released was extracted into isobutanol-benzene as described by Penniall (44 stopped by the addition of 5% perchloric acid (0.5 ml). The P, released was extracted into isobutanol-benzene and determined colorimetrically as described by Penniall (44 Bacterial strains and growth conditions. E. coli A-3245 is a K-12 strain. It was grown on the mineral medium of Cohen and Rickenberg (11), with thiamine (2 mg per liter) and a carbon source. Cells were grown aerobically on 1% glycerol at 37 C. They were grown anaerobically at 37 C on 2% glycerol, 0.6% fumarate, and 0.1% Casamino Acids or on 1% glucose plus 0.1% Casamino Acids in an evacuated filtration flask filled nearly to the top. These conditions were effectively anaerobic, as shown by the fact that the cells did not grow in the absence of fumarate, the required electron acceptor (29) .
Preparation of antibody. Pure ATPase in 0.9% NaCl, 20 mM NaP, (pH 7), was mixed with an equal volume of Freund complete adjuvant. Seventy micrograms of protein in 0.5 ml was injected into each of 2 male 5-to 6-pound (2 to 3 kg) rabbits. Six weeks after the first injection, an additional 70 gg of ATPase in 0.2 ml of 0.9% NaCl, 20 mM NaPi (pH 7), was injected into the hind foot pads of each rabbit. Seven days after the second injection, about 60 ml blood was collected from each rabbit from an ear artery or by cardiac puncture. The bleeding was repeated 4 days later. The blood was allowed to clot, and the clot was removed by centrifugation. Serum from both rabbits gave a positive ring test (8) . Gamma globulin was separated from this serum, and from control serum from rabbits that did not receive ATPase, by using diethylaminoethyl (DEAE)-cellulose by the method of Stanworth (51) .
Separation of inner and outer membranes. A discontinuous sucrose gradient of the type designed by Schnaitman (47) was used. Cells were washed with and suspended in 50 mM Tris sulfate (pH 7.8), 1 mM ethylenediaminetetraacetic acid (EDTA). They were passed once through a French pressure cell and centrifuged for 10 min at 5,000 x g to remove unbroken cells. One milliliter was layered over the gradient. Phosphatidylserine decarboxylase, determined by release of '4CO2 from radioactive phosphatidylserine, was used as a marker for the inner membrane (25 Table 1) . The suspension was divided into three portions, immersed in ice water, and the cells were disrupted with a MSE sonicator by using the 0.9 cm probe and four 30-s pulses at an amplitude setting of 7 to 8 ,u, interrupted by 30-s cooling periods. The broken cell suspension was centrifuged for 30 min at 100,000 x g. The supernatant extract was discarded, and the pellet was suspended at room temperature in 80 ml of 50 mM Tris sulfate (pH 7.8) containing 10% Triton X-100 by using a Waring blender at low speed. All subsequent steps were performed at room temperature. After standing overnight, the membrane suspension was centrifuged at 100,000 x g for 30 min.
The Triton extract was applied to a column (8 x 2.5 cm) containing DEAE-cellulose (DE-52; 40 ml in 50 mM Tris sulfate, pH 7.8). The column was washed with 120 ml of this buffer to remove the detergent. The enzyme was eluted at 225 ml per h with 160 ml of 50 mM Tris 'Assayed by method C.
" These fractions were diluted for assay so that the concentration of Triton X-100 was 0.2%. This concentration of detergent reduced the absorbance of phosphate standards to 82% of the value without detergent, and the activity was corrected to account for this. sulfate (pH 7.8) containing 0.25 M KCl. The enzyme began to emerge in the first yellow fraction. All subsequent fractions were saved and concentrated to a volume of 25 ml with an ultrafiltration cell using a 76 mm XM-50 membrane under 2.5 atmospheres of N2.
Saturated ammonium sulfate (25 ml adjusted to pH 7 with concentrated ammonium hydroxide) was added with stirring. The suspension was allowed to stand on ice for 30 min, and then was centrifuged for 15 min at 10,000 x g. (The suspension of the enzyme in ammonium sulfate can be stored at 4 C without loss of activity.) The pellet was dissolved in 25 ml of 50 mM imidazole chloride (pH 7) and dialyzed for 3 h against 4 liters of this buffer. The turbid dialyzed enzyme solution was applied to a column (16 x 2.5 cm) containing DEAESephadex A-25 (80 ml in 50 mM imidazole chloride, pH 7). The column was washed with 160 ml of a solution containing 50 mM imidazole chloride (pH 7), 2 mM ATP, 2 mM EDTA, and 0.15 M KCl. The enzyme was eluted by increasing the KCI concentration in this solution to 0.2 M. The flow rate of this column was 270 ml per h.
Two linear sucrose density gradients, each containing 10 to 25% sucrose (wt/vol) in 11.6 ml of buffer (50 mM Tris sulfate at pH 7.8) were prepared in 12 ml polyallomer tubes. A pool (40 ml) of the most active fractions from the DEAE-Sephadex column was concentrated by ultrafiltration through an XM-50 membrane, centrifuged to remove insoluble material, and 0.4 ml was layered over each of the two density gradients. The gradients were centrifuged for 14 h at 40,000 rpm with an IEC SB-283 rotor. The tubes were punctured at the bottom and fractions of 6 drops each were collected. The three or four fractions containing most of the activity were saved. If disk gels showed any minor contaminating bands at this stage, they could be removed by applying fraction 5 of Table 1 directly to a 4 ml DEAE-Sephadex column packed in 50 mM imidazole chloride (pH 7), and eluting with this buffer containing 2 mM ATP, 2 mM EDTA, and 0.2 M KCl.
The overall purification (Table 1) is about 48-fold when the pure enzyme is compared with the membranes suspended in Triton X-100. However, the specific activity of the membranes in buffer is about three times as great as that of the membranes suspended in detergent. The concentration of Triton X-100 in the assay of fractions 1 and 2 is 0.2%. If a membrane suspension not exposed to the detergent is assayed in the presence of 0.2% Triton, the specific activity is also decreased by about 70%. It is not known whether Triton affects the assay or whether the decreased activity results from solubilization of the enzyme.
The purified ATPase migrated as a single band in gel electrophoresis (Fig. 1) at two different acrylamide concentrations and also ran as a single band in a pH 9 system (not shown). Using an ATPase activity stain on parallel gels, the positions of the bands were the same as those shown in gels 1 and 2 of Fig. 1 .
Subunit structure and molecular weight. Gels containing sodium dodecyl sulfate (Fig. 1) revealed the presence of four sizes of subunits. Proteins running near the dye marker are not well-resolved; however, when the gel concentration was chosen so that the smallest subunit migrated about half as far as the bromphenol blue, no additional subunits could be detected (not shown in Fig. 1 ). In addition to these four major bands, the gels had numerous striations near the top which may be various aggregates of the subunits.
The molecular weights of the 4 subunits were estimated by electrophoresis of samples containing both ATPase and marker proteins and plotting log Rf versus molecular weight (Reference 39; Fig. 2 ). The hemoglobin chains obscured the position of the smallest subunit of the ATPase. The molecular weight of this subunit was obtained from gels containing ATPase alone, by using the three larger subunits as standards. The molecular weights of the four subunits were estimated to be 60,000, 56,000, 35,000, and 13 40) , an approximate molecular weight for the ATPase of 361,000 was calculated.
Cold lability. As seems to be typical for ATPases from other sources, the E. coli enzyme is cold-labile after it has been released from the membrane. The mitochondrial enzyme is known to dissociate into subunits when incubated in the cold (43, 19) , so this possibility was tested with the E. coli ATPase. The purified enzyme was dialyzed into 50 mM Tris sulfate (pH 7.8) and kept for 6 days at 4 C, during which time the specific activity declined by 80%. The partially inactivated enzyme was then subjected to electrophoresis in a gel containing 7.5% acrylamide (Fig. 1) (Fig. 3) Phosphate (Fig. 4) was a noncompetitive inhibitor of the solubilized enzyme. The nonlinear Dixon plot suggests that the mechanism is random, since product inhibition is always linear for a nonrandom mechanism (10) .
Azide (Fig. 5) was a noncompetitive inhibitor of both the membrane-bound and pure ATPase. With azide, inhibition was also nonlinear. Inhibition by azide is not sigmoidal as would be expected for an allosteric inhibitor, but, since it is a linear molecule (12) Inhibition of the ATPase with an antibody. An antibody was prepared for use as a specific inhibitor of the ATPase by injecting the pure enzyme into rabbits. The pure enzyme and the Triton extract of the membranes produced single precipitin lines at identical positions on the double-diffusion plates. No lines were observed between the wells containing control y-globulin and those containing enzyme.
The antibody to the purified ATPase inhibited both the soluble and membrane-bound forms of the enzyme. With sufficiently high concentrations of antibody, it was possible to inhibit completely the ATPase activity of the membranes (Fig. 6) . This indicates that the purified enzyme, although obtained in rather low yield, accounts for essentially all of the ATP hydrolysis by membrane preparations.
The mitochondrial ATPase has been shown to be coupled to the energy-linked transhydrogenase of that organelle (16) . Experiments with inhibitors and the results with the ATPase mutants (13, 26) suggested that the E. coli ATPase performs a similar role. The antibody provided a means to test this hypothesis, and the results are shown in Fig. 6 . The stimulation by ATP of the transhydrogenase is abolished parallel to ATPase activity as antibody concentration is increased. y-Globulin from control rabbits had only a small inhibitory effect on ATPase and transhydrogenase.
The ATPase and transhydrogenase reactions are coupled, but two lines of evidence indicate that they are catalyzed by different enzymes. Pure ATPase was assayed for transhydrogenase, and this activity was not detectable. Membranes from cells grown anaerobically on glucose plus Casamino Acids have as great a specific activity of ATPase as those from aerobic cells. However, we observed, in agreement with Bragg et al. (5) , that the ATP-stimulated transhydrogenase is present at only a small fraction of the activity found in cells grown aerobically without Casamino Acids, indicating that it is repressed independently of the ATPase.
The membrane preparation used for these experiments contains a NADH dehydrogenase activity which is completely inhibited by 10 mM NaCN. This activity is not inhibited by the antibody to the ATPase (data not shown) which indicates that the inhibition of the transhydrogenase has some specificity. The (47) . We conclude from studies carried out under the mildest conditions permitting separation of inner and outer membranes that the )ically on ATPase is primarily associated with the cytoplasmic membrane fraction. Miura and Mizue of cells shima reached a similar conclusion (37) based, Casamino however, on a less direct and convenient procethe anti-dure. Id anaerobunits in DISCUSSION E. coli B
The observation that the antibody to the e enzyme purified ATPase inhibits all of the ATPase 'n aerobi-activity of the membrane is evidence that a sinn glucose gle enzyme is responsible for this activity. This ir size as conclusion is further supported by the observa-;e 4%. All tion that mutation at a single site also abolishes the mem-nearly all hydrolysis of ATP by the membrane fraction (7, 27) . However, the enzyme can apparently be solubilized in several different forms (6) .
Partial purification of E. coli. ATPase has been reported in which the enzyme was solubilized with sodium dodecyl sulfate (15) or with dilute Tris buffer (14, 31) . The use of Triton X-100 to solubilize the enzyme as reported here has the advantages that the extraction is a one step procedure, is nearly complete, and the activity is relatively stable in Triton. Extraction of other membrane proteins is more extensive than with Tris, but most of this protein is removed when the detergent is removed in the next step.
The ATPase extracted with sodium dodecyl sulfate was reported to have a molecular weight of about 100,000 (15) , whereas molecular weights of 365,000 to 390,000 (14) and 400,000 to 600,000 (31) were reported for the enzyme extracted with Tris. The lower of the two values for the Tris-extracted enzyme is probably more accurate since it was obtained using a gel in which the ATPase is well included, whereas the higher value was estimated with Sephadex G-200 in which the enzyme elutes close to the void volume. The value of 365,000 to 390,000 for the Tris-extracted enzyme is in good agreement with the value estimated here for the Tritonextracted enzyme by sedimentation in a sucrose gradient. In light of the dissociation of the ATPase into subunits in sodium dodecyl sulfate reported here, it is possible that the enzyme extracted with sodium dodecyl sulfate represents only a part of the enzyme extracted with Triton or Tris. The enzyme extracted with sodium dodecyl sulfate or Tris, like the Tritonextracted enzyme, exhibited cold lability (14, 15, 31) and a preference for Ca2+ or Mg2+ (15, 31) as well as for purine nucleotides (14, 31) .
The solubilization of the ATPase with Triton and the purification procedure appear not to have produced any gross alterations in the ATPase. The kinetic properties of the membrane-bound and solubilized forms of the enzyme are similar with respect to the Km for ATP and inhibition by azide and Pi. Hammes and Hilborn (21) in a comparative study of the mitochondrial ATPase in the solubilized and membrane-bound forms also found only small differences in the Km for ATP, although some other differences were noted. Further evidence that the structure of the enzyme has not been greatly changed by the purification procedure is the observation that the antibody to the pure ATPase inhibits the membrane-bound activity.
Disk gel electrophoresis of the cold-inactivated ATPase showed that loss of activity is accompanied by dissociation of the enzyme to forms of lower molecular weight. It is not known whether the dissociation is the cause of the decreased activity or is a secondary consequence. It was noted, however, that when loss of activity was partial, dissociation was also partial. Similar observations have been made with mitochondrial ATPases (19, 32, 43) . In addition to the cold lability, other similarities of the E. coli ATPase to the mitochondrial enzyme are striking. The mitochondrial enzyme was originally thought to have a molecular weight of 284,000. However, this value has recently been revised to 360,000 (33) . The larger subunits of the E. coli ATPase have their counterparts in the mitochondrial ATPase (9, 32, 49) . There is some disagreement as to whether the mitochondrial enzyme has an additional small pair of subunits. One small subunit with a molecular weight of about 13,000 was found in the E. coli enzyme. Like the E. coli enzyme, the enzyme from mitochondria is inhibited by azide, and the inhibition is nonlinear (53). Kagawa and Racker have provided evidence that the stalked spheres lining the mitochondrial membrane are identical with the ATPase (24) . Such particles have also been reported to be present on E. coli membranes (1) .
These physical similarities would suggest that the E. coli enzyme would perform roles in energy metabolism similar to those of the extensively studied mitochondrial enzyme. The results with mutants lacking ATPase indicated that the E. coli enzyme is involved in the coupling of phosphorylation to oxidation (7) and in the utilization of ATP for the transhydrogenase reaction (13, 26) . The experiments with the ATPase antibody also indicate that the ATPase is linked to the transhydrogenase. In this regard, it is interesting that Fisher et al. (18) have reported that mitochondrial energy transfer factors may be used to stimulate the E. coli transhydrogenase.
Respiratory enzymes are generally lower or absent in cells grown anaerobically (55) , and transhydrogenase activity is depressed by growth on Casamino Acids (5), yet the specific activity of ATPase in anaerobic cells grown on glucose plus Casamino Acids is not depressed.
This would suggest an additional role for this enzyme, although the possibility has not been excluded that anaerobic cells have phosphorylation by membrane electron transfer reactions not linked to 02 (29) . The experiments of Schairer and Haddock (45) suggest that this enzyme is involved in anaerobic transport.
